Purpose: To develop schemes that deliver faithful 2D slices near field heterogeneities of the kind arising from non-ferromagnetic metal implants, with reduced artifacts and shorter scan times.
Introduction
Orthopaedic implants are widely used in modern healthcare (1, 2) . The biocompatible alloys used to manufacture these implants include stainless-steel, cobalt-chromium (CoCr) and titanium (3) , with the latter preferred due to its small elastic modulus. The large base of prosthetic installations calls for methods to monitor the complications that often arise in the vicinity of implants; in particular osteolysis and aseptic loosing, conditions that are regularly asymptomatic prior to causing extensive bone loss (4) . These complications go usually undetected by conventional X-rays, while computerized tomography (CT) exposes the patient to a significant dose of ionizing radiation and suffers from beam hardening artifacts near metallic devices (5) .
MRI can provide a solution to these challenges, particularly given that biocompatible alloys are at most only weakly ferromagnetic, and therefore not subject to strong forces or torques when placed in the static magnetic field. Still, metallic prosthesis will usually result in dramatic distortions in the images, with the main disruptive effects arising from metal-induced B0 and B1 perturbations.
In a 3T B0 field, for instance, tissue-metal susceptibility differences will result in off-resonance frequencies  of up to ±3 kHz for titanium and up to ±10 kHz for stainless-steel (6) . Under these conditions the application of a gradient will no longer arrange the spins' resonance frequencies linearly according to their spatial position, but rather will distribute them in a complex pattern determined by both the applied gradient and the spatial magnetic field disturbances Bo = f/ imparted by the implant. For a given 2D spatial density ( , ) within a thin body slice, signals will be influenced as 
where kx and ky are the readout and phase encoding variables, GRO is a gradient applied during the readout that defines the in-plane extent of the distortion as ∆x = − 2 ∆ ( , , )
, and the phaseencoded dimension ky is assumed unaffected thanks to its constant time nature. Also the slice selection, if performed by a frequency-selective RF (e.g., sinc) pulse applied in the presence of a magnetic field gradient Gz, will be distorted by the presence of these inhomogeneities. Given a pulse bandwidth BW attempting to excite spins within a slice z centered at zo, the frequency distortions will affect these positions in a complex (x,y,z)-dependence within − 2 < 2 + ∆ ( , , ) < 2 coordinates. This can lead to the excitation of a complex surface with variable thickness and varying z-centers across x-y, rather than of a planar slice. Distortions in these warped layers can be minimized by increasing the slice-selection bandwidth BW, thereby decreasing the ∆ ( , , )/ spatial errors. The bandwidths, however, will be constrained by peak power limitations, or by limitations in the RF energy (Specific Absorption Rate, SAR) that can be deposited in a body.
Numerous proposals have been made over the years to deal with metal-driven field nonidealities. Although initially challenged by long acquisition times, multiple-coil arrays and undersampling schemes have made full phase-encoding sequences viable routes to MRI free from static B0 distortions (7, 8) . A conceptually different approach involves view angle tilting (VAT), which modifies 2D spin-echo (SE) or turbo-spin-echo sequences by applying throughout their acquisitions a gradient equal the one used over the slice-selective excitation (9) . Slice-selection errors near metal implants have also been addressed by techniques like Multi-Acquisition Variable
Resonance Image Combination (MAVRIC) (11) and Slice Encoding for Metal Artifact Correction (SEMAC) (12) . In MAVRIC slice selection errors are avoided by using a non-selective excitation, followed by 3D MRI using a readout and two phase encodings. A "spectral" dimension is then encoded in MAVRIC by stepping the transmission and reception offsets, leading to binned images which when subsequently summed, deliver results with remarkable robustness against B0
inhomogeneities (11) . By contrast SEMAC applies slice-selective excitation pulses but relies on their phase-encoding, so as to position the regions that were selectively excited in their correct z positions within the neighbourhood of the metal (12) . Although MAVRIC and SEMAC treat inhomogeneities differently, their underlying physical principles are somewhat analogous: both techniques include an additional phase encoding dimension as well as a multiple-offset excitation, leading to extended scan times compared to regular 3D MRI. Common as well is their need to deal with folding artefacts along the phase encoded dimensions; the MAVRIC-SL variant addresses this issue along z by incorporating a weak slice-selective gradient during excitation and signal acquisition that selects only relevant slices prior to 3D k-imaging -even if at the cost of some blurring (13) (14) (15) ).
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The present study explores slice-selectivity optimizations based on the recently introduced cross-term SPatio-Temporal ENcoding (xSPEN) strategy (10) . xSPEN was proposed as a singleshot imaging technique that eliminates in-plane B0 distortions, by applying a pair of identical swept pulses in conjunction with a constant Gz and with bipolar ±Gy encoding gradients. Spins inside the targeted ROI are thus endowed with a bilinear phase term Cyz; the stationary point of this phase term can be driven from one side of the y-axis ROI to the other using a Gz gradient, leading to a signal that is proportional to the spins density ( ), regardless of the in-plane B0 inhomogeneities (10) . This study explores the potential of these concepts for achieving slice selectivity, and thus to facilitate the conventional acquisition of minimally-distorted 2D images in the vicinity of metals.
In its original form, however, xSPEN -like other spatiotemporally encoded counterparts (19-25)relied on frequency-swept pulses making all its manipulations progressive; as such it will impose a spatial dephasing that is not ideally suited for performing a conventional 2D acquisition. To deal with this Fully refOCUSED (FOCUSED) xSPEN derivatives are developed, and their ability to perform 2D slice selections in the presence of B0 and B1 distributions is evaluated. For completion the study also discusses LASER-derived options that, also based on swept pulses, can deliver faithful 2D slice excitations in the presence of field inhomogeneities. Evaluations involving numerical, phantom and in vivo comparisons among these as well as other slice-selection alternatives, are presented and discussed.
Materials and Methods
Theoretical Considerations. Figure 1a introduces the FOCUSED-xSPEN pulse sequence. The sequence was designed based on xSPEN's use of two 180˚ frequency swept pulses in the presence of a constant gradient and of a bipolar one (10, 26, 27) ; when considering that in the present instance spins will be subject to the constant effect of a sizable field inhomogeneity Bo = f/, the need for applying a constant external gradient disappears: Bo will take this role, and the encoding part of the sequence becomes the segment encased by the dashed rectangle in Figure 1a .
The sequence's adiabatic RF inversion pulses linearly sweep a bandwidth BW = |Oi -Of|, where
Oi and Of are initial and final RF offsets; these 180˚ pulses are executed in the presence of alternating ± gradients defining the slice-selection dimension, and act after a pulse exciting the entire slab has been applied. Since our primary objective is to eliminate slice-selection errors induced by off-resonances, it is useful to examine the selectivity of the resulting block in a 2D space comprised by the resonance-offset (f) and the slice-select (z) dimensions. The first refocusing pulse, coupled to a negative -Gz gradient, sweeps through a diagonal slab in f-z defined according to − 2 + 2 < ∆ ( , , ) < 2 + 2 . Spins will accrue a spatially dependent quadratic phase inside this region, which at the conclusion of the first adiabatic pulse will be where R is the pulse's sweeping rate and Tp is the swept pulse duration (21) . Figure S1a (Supporting Information) shows the resulting phase in the 2D f-z plane. The second refocusing pulse, coupled to a positive gradient +Gz, sweeps through a spectral-spatial region − 2 − 2 < ∆ ( , , ) < 2 − 2 . This also subtends a diagonal in Δf and z that this time it is aligned in the opposite z-direction vs the first slab -thereby defining a diamond in (f,z). The phase added by this second swept pulse differs from Equation 2 only by the sign of Gz, which has now been reversed. Taking the difference between two such terms, the overall evolution phase imparted on the spins as a result of these two manipulations is given by
Supporting Information Fig. S1b illustrates the ensuing phase profile, which contains a linear zterm and a bilinear Δf . z term that are detrimental for conventional (though not for xSPEN-based)
imaging, and need to be refocused. One way of eliminating these is by adding a short non-selective  pulse, followed by a pair of swept pulses identical to the first pair. Another alternative, chosen here due to better robustness and presented in Figure 1a , concatenates an additional pair of frequency swept pulses that are similar to the first pair, except for their reversed sweeping direction. Due to their opposite sweep directions, these swept pulses will add to the spins an evolution phase term leaving a linear phase term 4 , which can be refocused using an appropriate rephasing gradient lobe (Supporting Information Fig. S1d ). As a consequence of all these manipulations the diamond-shaped region selected by FOCUSED-xSPEN in Δf-z ( Fig. 2a ) will have no accrued phase. Notice that the selected region will narrow along the off-resonance dimension Δf ( Fig. 2a ),
reducing the effective slice thickness as the off-resonance increases or decreases from the central frequency of the sweeps. Notice as well that despite this narrowing, and assuming that the initial excitation pulse is sufficiently broad-banded, the off-resonance range of the excited spins will always be between -BW/2 and +BW/2, and it will always remain centered along the z axis. The 2D diamond thus imparted by this procedure is analogous to that of xSPEN; except that in xSPEN MRI the diamond is defined by two spatial (e.g., y-z) dimensions, while in FOCUSED-xSPEN the selection occurs in the Δf-z space.
While the position of the desired z-slice in FOCUSED-xSPEN is accurately defined, the resulting approach is still narrowband in the sense of addressing up to ±BW/2 offsets. If BW/2 or if the initial excitation bandwidth are smaller than the a priori unknown inhomogeneity, part of the object at this particular z-slice will not be addressed. This can be overcome by looping the overall selection block ( Figure 1a ) over multiple transmission and reception offsets in steps Δftrans.
Several frequency-binned images will then arise, corresponding to shifted Δf-z diamonds along the
off-resonance dimension. These shifted diamonds will overlap or not depending on Δftrans; as shown in the center row of Fig. 2a , setting this increment to Δftrans=BW/4 will make diamonds overlap with their upper and lower neighbors along Δf. Summing all these images will thus yield a "slice" centered in z, covering the off-resonance dimension with a uniform response and a welldefined z-thickness. Note that for all these off-centered Δf-z diamonds the signal emitted has to be recorded with a reception offset that is also shifted by Δftrans; this is akin to the requirement arising in MAVRIC (11) .
By relying on adiabatically-swept pulses, FOCUSED-xSPEN raises associations with
Localization by Adiabatic SElective Refocusing (LASER) (19) , a sequence that relies on pairs of adiabatic pulses for selecting a given region (Figure 1b ). LASER and its derivative semi-LASER are well-known localization sequences for MRS due to their robustness against B0 and B1
inhomogeneities (19, (28) (29) (30) . When considered in the context of a sizable inhomogeneity Δf, LASER pulses executed with a bandwidth BW will lead to a spatially bound parallelogram, tilted
in Δf-z space (Fig. 2b ). To reinstate constant response across Δf we extend the approach used for the xSPEN pulses and propose implementing Frequency-Offset-Correction USing iteratED LASER (FOCUSED-LASER), where the LASER block is looped in multiple shots over transmitter and receiver offsets separated by Δftrans. This will lead to a chain of spectrally shifted
Δf-z parallelograms (Figure 2b , center row), which will overlap if Δftrans is sufficiently small (e.g.,
≤ 2
). Notice that if Δftrans=BW/4 these parallelograms will be nearly overlapping ( Fig. 2b ), but an effective z thickness larger than originally intended, will arise. Notice as well that for equal bandwidths and durations of the swept pulses FOCUSED-xSPEN will deposit twice as much water region. Additional phantoms were built from a cucumber with a titanium screw inserted in its center and placed parallel to field, leading to a similar line width.
In vivo experiments were preapproved by Weizmann's Animal Care and Use Committee (protocol 01500312-3), and were carried in accordance with the guidelines of this IACUC. These tests included taping titanium disks (10mm diameter, 2mm thickness) in-between the ears of mice, and recording head images from the animals. During their course a mixture of isoflurane (1-2%) and oxygen was provided through a dedicated nose mask; this anesthesia was flowed at ≈1 L/min and the animal's respiration was monitored throughout from a suitable sensor (SA Instruments).
The animal was placed on top of a laboratory-built system circulating warm water, maintaining a stable body temperature. Experiments were performed on different days, scanning different mice.
The sequences assayed were as schematized in Figure 1 , and they were performed in a multi- Figure S7 , where slices were monitored using chemical shift imaging sequences relying on a full phase encoding of this spatial dimension. These measurements highlight the fact that main differences between the various sequences, relate not just to their different localizing abilities but rather to their handling of B1 inhomogeneity effects. Figure S8 . Figure 6 compares the performance of various slice-selection schemes introduced in Fig. 1 , when tested in vivo on a mouse on whose head a titanium disk has been placed ( Figure 6 , top panel). Field distortions induced by the metal ruin the integrity of the multi-shot SE images (Fig.   6a ); LASER images ( Fig. 6b ) are remarkably less distorted than the SE counterparts, but still exhibit shading artifacts and additional distortions in the brain region (marked with yellow arrows).
The FOCUSED-xSPEN results (Fig. 6c ) exhibit the weakest shading artifacts, delivering faithful images from most brain areas. inhomogeneities involved in this instance, which compromised in turn the sensitivity arising from each frequency-incremented experiment).
Discussion and Conclusions
Characterizing soft tissues proximate to metal devices is an important clinical problem, which MRI is uniquely well posed to solve. This, however, requires overcoming the large susceptibility- For the panels in the upper row, the scan time for each 1D image would have taken 23 ms for (a) and 16 ms for (b-c). Figure S1 below shows how simulations predict the phases of the spins will accrue for each sweep of this sequence. Figure S2 below zooms into the regions indicated by blue squares in the aforementioned images, to better illustrate the differences between the various methods.
The experimental results introduced in Figure 3 were acquired with transmission offset steps of BW/4
(1 kHz). Figure S3 Indeed, the experiments introduced in Figure S3 show smaller banding artifacts than those in Figure 3 . SNR values were measured for these sequences relatively far from the metal-induced distortions ( Figure   S3 , red square ROI) as the ratio between the ROI mean and its standard distortions, yielding:
13, 14, 16 and 38, , for the sequences in panels (a)-(d), respectively. Notice that the highest SNR values are then those arising from the SE sequence, probably as a result of being able to accommodate the shortest TE and thus be less exposed to diffusion/T2 signal losses. Percent signal void areas were also calculated on the data in Figure S3 Figure 3 to minimize 'band' artifacts associated with spectral overlap between spectral bins. Unlike in Figure 3 , transmission offsets were shifted in steps of BW/8 or BW/16, increasing the overlaps between spectral bands. Uniformity values were measured in an ROI (red square) that is remote from the metal, yielding: 84% for FOCUSED-xSPEN, 87% and 86% for FOCUSED-LASER and LASER, and 91% for SE. Figure S5 presents another set of results collected for the same phantom, placed in a different position/orientation within the magnet. Figure 4 presented one comparison on the slice-selective accuracy of various sequences analyzed in this study. Figure S6 gives another perspective on this selectivity, by presenting the integrated projections of the various slices imaged for that titanium Lego phantom for each of the addressed slices. Yet another perspective regarding slice selectivity is presented in Figure S7 , which instead of relying on imaging the slice-selection axis along the readout domain, was collected based on fully phase encoded variants of the various methods. This un-biased imaging block avoids possible distortion along the readout, which for some of the tackled inhomogeneities were as high as two pixels. Fig. 4 , as originated by the indicated sequences. The central columns from these multi-slice images are plotted as onedimensional graphs, revealing inaccuracies in terms of the positions of the slice profiles as well as 'spill-over' effects in terms of their prescribed z widths (4 mm in all cases). All plots are normalized to one being equal to the intensity of a slice with water, far away from the metal screw. Acq.
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Spin-echo LASER (double BW) Figure 5 presented images describing the performance of various sequences in the excitation of sagittal slices for a phantom including a cucumber inserted with a titanium screw; Figure S8 complements these data with coronal slices acquired for a similar phantom. Figures 6 and 7 presented images illustrating the performance of various slice-selection sequences in the excitation of images for a mouse with a titanium disk placed on its head; Figure S9 complements this with data acquired on a different animal on whose head a titanium cylinder was taped. This cylinder was characterized by comparable inhomogeneities to those arising from the disk. For instance, the FWHM in a pulse-acquire experiment that preceeded the imaging was 840 Hz with the titanium cylinder compared to 720 Hz with the titanium disk; 0.55% linewidths were ≈5.9 kHz for both titanium devices. 
